Most neurons possess a single, nonmotile cilium that projects out from the cell surface. These microtubule-based organelles are important in brain development and neurogenesis; however, their function in mature neurons is unknown. Cilia express a complement of proteins distinct from other neuronal compartments, one of which is the somatostatin receptor subtype SST 3 . We show here that SST 3 is critical for object recognition memory in mice. sst3 knock-out mice are severely impaired in discriminating novel objects, whereas they retain normal memory for object location. Further, systemic injection of an SST 3 antagonist (ACQ090) disrupts recall of familiar objects in wild-type mice. To examine mechanisms of SST 3 , we tested synaptic plasticity in CA1 hippocampus. Electrically evoked long-term potentiation (LTP) was normal in sst3 knock-out mice, while adenylyl cyclase/cAMP-mediated LTP was impaired. The SST 3 antagonist also disrupted cAMP-mediated LTP. Basal cAMP levels in hippocampal lysate were reduced in sst3 knock-out mice compared with wild-type mice, while the forskolin-induced increase in cAMP levels was normal. The SST 3 antagonist inhibited forskolin-stimulated cAMP increases, whereas the SST 3 agonist L-796,778 increased basal cAMP levels in hippocampal slices but not hippocampal lysate. Our results show that somatostatin signaling in neuronal cilia is critical for recognition memory and suggest that the cAMP pathway is a conserved signaling motif in cilia. Neuronal cilia therefore represent a novel nonsynaptic compartment crucial for signaling involved in a specific form of synaptic plasticity and in novelty detection.
Introduction
Many cells, including neurons, possess a single primary cilium that acts as a compartmentalized signaling structure. Signal transduction in many types of primary (i.e., nonmotile) cilia involves coupling of G-protein-coupled receptors to adenylyl cyclase (AC) (Banizs et al., 2005; Masyuk et al., 2006; Schmid et al., 2007; Takeuchi and Kurahashi, 2008) . Mutations in ciliary genes lead to polycystic kidney disease, the most prevalent human genetic disease (Smith et al., 2006) . Several such "ciliopathies" present diverse clinical phenotypes that include cognitive defects, such as Bardet-Biedl syndrome (BBS), Joubert syndrome, Meckel-Gruber syndrome (Adams et al., 2007) , and hydrocephalus (Ibañez-Tallon et al., 2004; Town et al., 2008) . Two different BBS-related proteins have been shown to be critical to localization of G-protein-coupled receptors, including somatostatin (SST) receptor subtype 3 (SST 3 ), to neuronal cilia (Berbari et al., 2008a) .
Although critical in brain development and neurogenesis Han et al., 2008; Spassky et al., 2008) , the function of cilia on mature neurons is unknown. Neuronal cilia possess a complement of cilia-specific proteins, such as SST 3 . The cilia-specific expression of this G-protein-coupled receptor was first shown by immunohistochemistry (Händel et al., 1999) and more recently confirmed with a fluorescently tagged receptor (Berbari et al., 2008a) . A consensus sequence that targets SST 3 to cilia has recently been identified and is located in the third intracellular loop (Berbari et al., 2008b) .
SST-containing interneurons are abundant in cortex and hippocampus, brain regions important in cognitive processing. SST expression in cortex and hippocampus is significantly reduced in Alzheimer's disease, and this reduction is correlated with cognitive decline, suggesting this peptide may be critical in cognitive processing (Burgos-Ramos et al., 2008) . Previous studies examining the role of SST in learning and memory have produced conflicting results, suggesting both facilitating and inhibitory actions on learning and memory (Baraban and Tallent, 2004) . These inconsistencies could be caused by nonspecificity in the available pharmacological tools or the mixture of SST receptor subtypes expressed in hippocampus and cortex.
To examine cilia function and signaling in mature central neurons, we took advantage of the exclusive localization of SST 3 to neuronal cilia, and examined the function of this receptor using a knock-out mouse and a selective antagonist. Our results show that SST 3 receptors are required for object recognition but not spatial memory. In sst3 knock-out mice, novelty detection is impaired at a 1 h but not a 5 min retention interval. These results are supported by the finding that a systemically active SST 3 antagonist, ACQ090, impaired object recognition in wild-type mice. Additionally, long-term potentiation (LTP) in CA1 hippocampus evoked by direct activation of AC with forskolin is reduced in sst3 knock-outs, whereas electrically evoked LTP is normal. The SST 3 antagonist also impairs AC-mediated LTP. Our data indicate that SST 3 is critical for recall of object information and synaptic plasticity induced by direct activation of AC. Thus, an important function of neuronal cilia is detection of SST, leading to extrasynaptic signaling events via SST 3 that are critical to object memory.
Materials and Methods
Mice. We used 10-to 20-week-old male and female sst2, sst3, and sst4 knock-out mice generated as previously described (Zheng et al., 1997; Qiu et al., 2008) . No gender differences were observed in the tested paradigms; therefore, we pooled data from each gender. The knock-out strains were backcrossed at least 10 generations to C57BL/6J. Wild-type mice were the progeny of either sst3 ϩ/Ϫ or C57BL/6J mice (Jackson Laboratories). Mice were housed with their siblings by gender and received water and food ad libitum. The animal room was kept at 70°F and a 71% humidity level in a 12 h light/dark cycle. All experiments were performed during the light phase of the cycle. All animal studies were approved by Drexel College of Medicine Institutional Animal Care and Use Committee and in accordance with the guidelines of the National Institutes of Health and the Society for Neuroscience.
Novel object recognition. At least four groups of mice were tested at different times for each strain. Age-matched wild-type mice were included in each test group. Mice were habituated the day before testing for 10 min in an empty box (48 ϫ 43 ϫ 38 cm 3 ) that was evenly illuminated. The box was cleaned after each trial with 50% ethanol to eliminate any odors and any debris was removed. The following day, mice were placed back in the box with two objects placed 13 cm from either end of the long axis. The objects consisted of two similar wood blocks, ϳ5 ϫ 5 ϫ 5 cm 3 . During a 5 min interval, the number of times the mouse approached, oriented toward, and sniffed each object was recorded. After a delay (5 min or 1 h), the mouse was again placed in the maze with one of the same objects and a novel wooden block that differed in both shape and color. The replacement of objects was random. The mice were given 5 min to approach the objects. Mice who failed to approach a cumulative of six times, showed any signs of unusual behavior or distress, spent Ͼ60% of the time on one side of the box, or showed a distinct preference (Ն60%) for either object during the original presentation phase (Ͻ5% of the mice) were excluded from the experiment. For three-trial learning, mice were given three presentation trials lasting 5 min with a 10 min intertrial interval and tested for object recognition 1 h after the end of the last trial. Preference index was defined as the number of approaches to each object (novel or familiar) divided by the total number of approaches to both objects. Intraperitoneal injections were given 30 min before the sample or test phase. ACQ090 was dissolved in DMSO and diluted in sterile saline. The final concentration of DMSO was kept at 0.1% (vehicle).
Object displacement test. We tested spatial memory using a similar paradigm as described for testing object recognition. This allows a more direct comparison of different types of memory, since the environment, stress levels, and sensory and motor demands are the same (Dere et al., 2007) . Pilot studies showed a two-trial training strategy was needed to establish consistent preference for the displaced object in wild-type mice. Therefore, the sample phase consisted of two 5 min trials with a 10 min intertrial interval. Otherwise, habituation and training were the same as described for the object recognition memory (ORM) task. For the test phase, after a 1 or 2 h retention interval, one of the objects was displaced from its position during the sample phase. The stationary object was always located in the center of the box, and the displaced object was always moved to the opposite corner, although the starting corner placement was randomized. Using this strategy, the angles of the displaced object to the long axis of the boxes and to the stationary object remained constant, so that distal cues were necessary for navigation. Equal preference for the corner object and the central object was noted in the training phase of the test (see Fig. 7 ). The number of approaches to each object was recorded and preference index was calculated as in ORM testing.
Extracellular recording. Hippocampal slices were prepared as previously described (Baratta et al., 2002; Qiu et al., 2008) . Briefly, male or female mice (6 -14 weeks) were anesthetized with isoflurane (4%) and decapitated, and the brains were removed rapidly and placed in ice-cold artificial CSF (ACSF), gassed with 95% O 2 /5% CO 2 (carbogen) of the following composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 1.5 MgSO 4 ⅐ 7H 2 O, 2 CaCl 2 ⅐ 2H 2 O, 24 NaHCO 3 , 10 glucose. Four-hundredmicrometer-thick hippocampal slices were cut on a tissue chopper. Slices were placed in a water bath at 33°C for 40 min, after which they were kept at room temperature until being placed in the recording chamber. Slices were completely submerged and continuously superfused with gassed ACSF (31°C) at a constant rate (2.5-3 ml/min) for the remainder of the experiment. Drugs and peptides were added to the bath from stock solutions at known concentrations.
We acquired data with an Axoclamp 2B amplifier (Molecular Devices) by D/A sampling using pCLAMP acquisition software (Molecular Devices). Extracellular field EPSPs (fEPSPs) were recorded in the CA1 pyramidal cell layer using a glass micropipette filled with 3 M NaCl. We evoked Schaffer collateral synaptic responses at 0.033 Hz with a bipolar, tungsten stimulating electrode placed near to the stratum radiatum. Stable baseline fEPSPs were confirmed by stimulating at 40 -50% of the maximal field amplitude for 20 -30 min before beginning experiments.
We generated LTP with two high-frequency trains (HFTs) of 1 s each at 100 Hz, 20 s apart, using the test stimulus intensity. Alternatively, we evoked LTP using 50 M forskolin (in 0.1% DMSO), 30 M isobutylmethylxanthine (IBMX; in 0.1% DMSO), and 5 M bicuculline methochloride (a submaximal concentration; dissolved in water) for 15 min, after which drugs were washed out. Responses at 40 -50% of maximal baseline amplitudes were evoked and recorded every 30 s throughout the experiment. The mean initial slopes (between the 0 and 50% points on the rising phase) of two averaged fEPSPs were compared between the slice groups. Recordings where a population spike contaminated the rising phase of the fEPSP were excluded from analysis.
Immunohistochemistry. SST 3 immunostaining was performed as previously described (Händel et al., 1999) . Mice were perfused with 4% paraformaldehyde and 0.2% picric acid; brains were removed and postfixed for 2 h in the same fixative. We performed immunohistochemistry on free-floating sections using polyclonal rabbit anti-SST 3 antibody (7986) at a dilution of 1:20,000. Staining of primary antibody was detected using the biotin amplification procedure as described previously (Händel et al., 1999) . Briefly, tissue sections were transferred to biotinylated goat anti-rabbit IgG and then incubated with avidin-biotinylated peroxidase complex. Bound peroxidase was reacted with biotinylated tyramine, which was then visualized with streptavidin-Cy3 for single immunofluorescence.
For immunohistochemical analysis of type III adenylyl cyclase, mice were perfused with 4% paraformaldehyde, and brains were removed and placed in paraformaldehyde for overnight postfixation. The brains were then moved to 30% sucrose until sinking. Forty-micrometer sections were made on a Leica cryostat. We incubated free-floating sections with 0.2% Triton X-100 for 30 min then and 0.2% Triton X-100/5% normal goat serum for 1 h. Sections were then incubated with 1:500 ACIII antibody (Santa Cruz Biotechnology; catalog #sc-588) overnight at 4°C, rinsed 3ϫ 10 min in PBS, and then incubated in secondary antibody (Alexafluor 488-conjugated goat anti-rabbit IgG, Invitrogen) for 1 h at room temperature. After three 10 min rinses with PBS, sections were mounted on slides using Vectashield containing DAPI to stain for nuclei (blue) and imaged using a Zeiss confocal microscope (Axioimager Z1m with LSM5 exciter laser module and software). ACIII-stained cilia in CA1 of wild-type mice (n ϭ 3) and sst3 knock-out mice (n ϭ 3) were counted using ImageJ analysis software (http://rsb.info.nih.gov/ij). Cilia were detected using two criteria: signal intensity in the red channel (threshold Ͼ 50) and size (area Ͼ1.3 m). Cilia detection was confirmed with visual inspection. Length and width of ACIII-stained cilia were measured manually using the LSM image browser (Zeiss) to make a three-dimensional projection of 0.2 M confocal stacks. Since the highest resolution occurs within the xy plane, we selected cilia with this approximate orientation for measurement. We measured 20 cilia per image in three different wild-type and sst3 knock-out mice.
Meaurement of cAMP levels. We used an enzyme immunoassay kit (Cayman Scientific) to measure cAMP levels from wild-type and sst3 knock-out mice. Hippocampi were dissected from brain as described for electrophysiological studies. One hippocampus was frozen in liquid nitrogen and put in lysis buffer (50 mM Tris HCl, 1 mM EGTA, 5 mM MgCl 2 , 100 mM NaCl, 30 M IBMX, and 0.5% Sigma protease inhibitor cocktail). The other hippocampus was bisected, frozen in liquid nitrogen, and weighed; one-half was put in 5% trichloroacetic acid (TCA) for extraction of cAMP, and the other half was placed into buffer for protein measurement (Coomassie Protein Assay Reagent, Pierce). To prepare hippocampal lysates, tissue was homogenized and centrifuged at 1000 ϫ g, and the supernatant was removed. For measurement of forskolinstimulated cAMP in lysate, we added 100 -200 g of tissue to incubation buffer containing 50 mM ATP, 30 M IBMX, and 5 mM creatine phosphate with and without forskolin (50 M). We incubated the mixture for 10 min at 37% in a water bath and stopped the reaction by adding 5% TCA, which was subsequently extracted with water-saturated ether, with residual ether removed by pipetting and boiling; the assay was performed according to manufacturer directions. For measuring cAMP levels in hippocampal slices, we incubated two to three dorsal hippocampal slices from 10-to 12-week-old wild-type mice for each condition in 12-well plates on nylon mesh nets in carbogen-gassed ACSF for 40 min before addition of drugs. Drugs and/or DMSO was added to each well so that DMSO concentrations were the same for each condition (0.3%). After 10 min, slices were rapidly moved to 4% TCA to stop the reaction. Slices were sonicated in TCA, and the suspension was centrifuged at 1000 ϫ g. The supernatant was extracted with water-saturated ether and measured for cAMP levels as described above for the lysate preparation. The pellet containing precipitated proteins was solubilized in 1N NaOH and measured for protein concentration using a Lowry Assay (Bio-Rad).
Statistical methods. In behavioral tests, we used unpaired t test (twotailed) to evaluate differences from wild-type mice and knock-out strains, and one-sample t test (two-tailed) to determine a significant preference for the novel object versus random preference (0.5; statistiXL, statistiXL.com); we considered p Ͻ 0.05 as statistically significant. For electrophysiology experiments, we used ANOVA to determine significance between strains and drug effects (statistiXL), and considered p Ͻ 0.05 as significant. For cilia quantification, we used ANOVA to examine strain differences. All data are reported as mean Ϯ SEM.
Drugs. Forskolin and bicuculline were purchased from Ascent Pharmaceuticals, ACQ090 was a gift from Novartis, L-796,778 was a gift from Merck, and all other drugs were purchased from Sigma-Aldrich.
Results

Validation of cilia-specific localization of SST 3
Although several independent groups using distinct antibodies have reported cilia-specific localization of SST 3 (Händel et al., 1999; Berbari et al., 2008a; Stanić et al., 2009) , noncilia staining has also been reported (Hervieu and Emson, 1998; Ramírez et al., 2002) . To our knowledge, none of the SST 3 antibodies published to date have had their specificity validated in an sst3 knock-out mouse. We therefore performed immunolabeling of SST 3 in brains of wild-type and sst3 knock-out mice using the SST 3 antibody (7896) originally describing cilia-specific localization (Händel et al., 1999) . In hippocampus of wild-type mice, distinct labeling of cilia can be detected in CA1 (Fig. 1 A, E ) and dentate gyrus (Fig. 1 B) . However, in hippocampus of sst3 knock-out mice, no such staining is observed (Fig. 1 B, D,F ). As reported (Händel et al., 1999) , cilia-specific localization of SST 3 was found in other brain regions as well, including cortex and hypothalamus (data not shown). Thus, we have confirmed the unique localization of SST 3 to cilia in mouse brain.
Assessment of cilia structure
Since knock-out of some cilia-localized proteins can lead to gross disruptions of neuronal cilia structure (Davenport et al., 2007) , we performed immunostaining of ACIII (Bishop et al., 2007) to assess the structure and number of cilia in CA1 of wild-type mice (n ϭ 3) and sst3 knock-out mice (n ϭ 3). No gross abnormalities of cilia structure were apparent (Fig. 2) . We observed no difference in the number of cilia per 102 ϫ 102 m section between wild-type mice (35.3 Ϯ 3.7) and sst3 knock-out mice (33.3 Ϯ 5.0). Measurements of cilia length (wild-type, 7.5 Ϯ 0.2 m; sst3 knock-outs, 7.4 Ϯ 0.2 m), width at tip (wild-type, 0.5 Ϯ 0.02 m; sst3 knock-outs, 0.5 Ϯ 0.02 m), and width at base (wildtype, 0.8 Ϯ 0.03 m; sst3 knock-outs, 0.9 Ϯ 0.03 m) were not different between wild-type and sst3 knock-out mice (322 ϫ 322 ϫ 30 m sections; n ϭ 3 mice each). These findings suggest that cilia function in sst3 knock-outs may be normal apart from a lack of sst3 signaling.
Novel object recognition
We tested wild-type, sst3 knock-out, and heterozygous (sst3 ϩ/Ϫ ) mice for discrimination of object novelty after a single trial presentation. No significant differences among the different strains were observed in the total number of approaches to the two objects in the initial presentation phase ( p ϭ 0.645), showing that motivation to explore was not different between the strains. Wild-type mice showed a significant preference for the novel object at both 5 min (n ϭ 9) and 1 h (n ϭ 24) retention intervals ( Fig. 3 A, B) . These results indicate that the wild-type mice recognized the familiar object to which they were previously exposed.
In contrast, the sst3 knock-outs did not show any preference for the novel object with a 1 h retention interval (n ϭ 20; p ϭ 0.5) (Fig. 3B) . The preference index was significantly different between wild-type and sst3 knock-out mice ( p ϭ 0.005). However, with a 5 min retention interval (Fig. 3A) , sst3 knock-out mice demonstrated a significant preference for the novel object (n ϭ 12; p ϭ 0.01). There was no significant difference in preference index between sst3 knock-outs and wild-type mice at the 5 min retention interval ( p ϭ 0.9). sst3 ϩ/ Ϫ mice showed a significant preference for the novel object with a 1 h retention interval (n ϭ 19; p ϭ 0.007). This was not significantly different from wild-type mice ( p ϭ 0.09).
To determine whether the deficit in sst3 knock-outs observed with the 1 h delay could be alleviated by a more intensive training protocol, we tested the mice after three 5 min presentations with a 10 min intertrial interval (Fig. 4) . Despite the more rigorous Figure 4 . Overtraining does not restore deficit in ORM in sst3 knock-out mice. The training protocol consisted of three 5 min trials with a 10 min intertrial interval. After a 1 h delay, mice were tested for their preference for a novel object. *Significant preference (one-sample t test); ¥ significant difference from wild type (unpaired t test). Figure 5 . sst2, sst4, and sst2/sst4 double knock-outs show normal ORM. A, When tested with a 5 min retention interval, sst2 and sst4 knock-out mice are equal to wild-type mice in the ability to detect a novel object. B, sst2, sst4, and sst2/sst4 knock-out mice show normal ability to discriminate a novel object after a 1 h retention interval. *Significant preference index (onesample t test).
training, sst3 knock-outs still showed no preference for the novel object with a 1 h retention interval (n ϭ 14; p ϭ 0.27), while wild-type mice demonstrated a significant preference (n ϭ 13; p ϭ 0.001).
We also tested sst2 and sst4 knock-out mice for object memory. We previously showed that these two receptors exert a strong control over hippocampal excitability (Qiu et al., 2008) . Neither sst2 nor sst4 knock-outs showed deficits in ORM with a single presentation trial. The sst2 knock-outs demonstrated significant preference for the novel object at both the 5 min (Fig. 5A ) (n ϭ 9; p ϭ 0.0001) and 1 h (Fig. 5B ) (n ϭ 11; p ϭ 0.005) retention intervals. Although sst2 knock-outs showed a slightly stronger preference for the novel object at both retention intervals than the wild-type mice, they were not significantly different ( p ϭ 0.1). sst4 knock-outs also demonstrated significant preference for the novel object at both the 5 min (n ϭ 14; p ϭ 0.001) and the 1 h (n ϭ 16; p ϭ 0.005) retention intervals, which were not different from wild-type mice ( p ϭ 0.2 for both retention intervals). We also tested sst2/sst4 double knock-outs at the 1 h retention interval. These mice also demonstrated a significant preference for the novel object (n ϭ 8; p ϭ 0.009), which was not significantly different from wild-type mice (Fig. 5B) ( p ϭ 0.9 ).
To confirm a role for SST 3 in ORM, we injected wild-type mice with the systemically active SST 3 antagonist ACQ090 (Bänziger et al., 2003) 30 min before initial presentation of objects. Using a 1 h retention interval, we found that ACQ090 dose-dependently inhibited recognition of the familiar object (Fig. 6 A) . Mice injected with vehicle (0.1% DMSO in sterile saline; n ϭ 13) 30 min before the sample (acquisition) phase showed significant preference for the novel object ( p ϭ 0.009). However, mice injected with ACQ090 at 50 g/kg (n ϭ 10) failed to demonstrate any preference for the novel object ( p ϭ 0.3). A significant drug effect was observed at this dose ( p ϭ 0.02 compared with vehicle). At lower doses (5-20 g/kg), no drug effect was observed (n ϭ 6 -9). We then assessed the effect of the SST 3 antagonist when injected after the sample phase, 30 min before the test phase, again using a 1 h retention interval (Fig. 6 B) . Performance of mice in discriminating between the novel and familiar object decreased with increasing doses of ACQ090 (n ϭ 6 -14) (Fig. 6 B) . We observed a significant drug effect compared with vehicle (n ϭ 10) at the 20 g/kg (n ϭ 6; p ϭ 0.045) and the 50 g/kg dose (n ϭ 7; p ϭ 0.02). Thus, SST 3 blockade before both the sample phase and the test phase prevented recall of the familiar object; however, blockade before the test phase was sensitive to lower doses of ACQ090. With a 5 min retention interval, injection of ACQ090 (20 g/kg) 30 min before the test phase did not disrupt ORM, as mice still showed significant preference for the novel object ( p ϭ 0.001; n ϭ 5).
Object location memory
We examined whether sst3 knock-out mice showed preference for an object that had been displaced from its previous location. This enables a more direct comparison of object and spatial memory relative to paradigms such as the Morris water maze, Figure 7 . Memory for object location is normal in sst3 knock-out mice. When location of an object was moved from its position during training, sst3 knock-out mice showed equal preference for the displaced object as wild-type mice. A, 1 h retention interval. B, 2 h retention interval.
which requires different sensory and motor functions and is more stressful (Dere et al., 2007) . With a two-trial training strategy, sst3 knock-out mice showed equal preference for the displaced object as wild-type mice, with both a 1 h retention interval ( Fig. 7A ) (wild-type, n ϭ 26; sst3 knock-outs, n ϭ 21) and a 2 h retention interval (Fig. 7B ) (n ϭ 8 for both wild-type and sst3 knock-outs). Thus, at retention intervals where clear deficits in ORM are apparent sst3 knock-out mice show no deficit in memory of object location.
Long-term potentiation in CA1 hippocampus
To determine whether deficits in object memory were correlated with deficits in synaptic transmission or plasticity, we assessed synaptic responses in CA1 of hippocampus. Normal glutamatergic synaptic transmission generated by a single stimulus to the Schaffer collaterals was similar in wild-type mice (n ϭ 7) and sst3 knock-out mice (n ϭ 6) (Fig. 8A) . Paired-pulse facilitation evoked at intervals from 15 to 200 ms was not significantly different in sst3 knock-out mice compared with wild-type mice ( p ϭ 0.5) (Fig. 8 B) . When LTP was evoked by application of two HFTs to the Schaffer collaterals, LTP in sst3 knock-outs was not different from wild-type mice (Fig. 8C ) ( p ϭ 0.8). However, superfusion of the SST 3 agonist L-796,778 (1 M; n ϭ 5) significantly increased LTP in wild-type mice (Fig. 8 D) ( p ϭ 0.04). Regulation of cAMP pathways is a critical component of signaling in many distinct types of cilia, both primary (Masyuk et al., 2006; Smith et al., 2006; Takeuchi and Kurahashi, 2008) and motile (Banizs et al., 2005; Schmid et al., 2007) . To determine whether dysregulation of cAMP-mediated synaptic plasticity was present in sst3 knock-out mice, we evoked CA1 LTP with forskolin, a direct activator of AC. Forskolin in the presence of IBMX and bicuculline produces robust and long-lasting synaptic potentiation in hippocampal slices from wild-type mice (n ϭ 16) (Fig. 9A) . However, in sst3 knock-outs forskolin potentiated the synaptic response acutely, but after the drugs were washed off the degree of potentiation was greatly reduced compared with wild-type mice. After 1 h of forskolin washout, in sst3 knock-outs the fEPSP slope was significantly less than in wild-type mice, 135 Ϯ 7.2% of baseline (n ϭ 13), compared with 205 Ϯ 8.1% in wild-type mice ( p ϭ 0.03). To validate that this was a direct effect of sst3 deletion, we assessed the effect of the SST 3 antagonist on forskolin-induced LTP. ACQ090 did not affect baseline synaptic transmission. In the presence of 0.5 M ACQ090, forskolin produces a small transient potentiation of fEPSPs that returns to 122 Ϯ 12% of baseline 60 min following washout (n ϭ 9) (Fig. 9B) . In nontreated control slices, fEPSP slopes remained at 180 Ϯ 15% above baseline levels 60 min following drug wash (n ϭ 10). Thus, activation of SST 3 appears to be important for induction of cAMP-evoked synaptic potentiation. We also tested whether SST 3 blockade affected forskolin-stimulated LTP when applied after induction. In these experiments, 0.5 M ACQ090 was applied immediately following the forskolin mixture and throughout the following 60 min (Fig. 9B) . With this application paradigm, we observed no difference in the degree of potentiation 1 h following forskolin application (n ϭ 6) compared with control ( p ϭ 0.6). To verify specificity of ACQ090, we assessed its ability to modulate forskolin LTP in sst3 knock-out mice. ACQ090 did not cause further reduction of forskolin LTP in sst3 knock-outs (132 Ϯ 16% of baseline 60 min following washout of forskolin; n ϭ 8).
Measurement of cAMP levels in hippocampus from wild-type and sst3 knock-out mice
Since SST 3 activation is critical for induction of forskolin-evoked LTP, we examined hippocampal cAMP levels in sst3 knock-out mice. We found that cAMP levels in sst3 knock-out mice were 41.5 Ϯ 13% of wild-type mice when extracted directly from hippocampus (n ϭ 6 each; p Ͻ 0.05). We also examined forskolininduced increases in cAMP in hippocampal lysate from wild-type and sst3 knock-out mice. Unstimulated cAMP levels in lysates were also significantly lower in sst3 knock-out mice (820 Ϯ 312 pmol/mg protein) compared with wild-type mice (1299 Ϯ 144 pmol/mg protein). However, forskolin induced a similar relative increase in cAMP in hippocampal lysates from wild-type mice (5.1 Ϯ 1.7-fold increase; n ϭ 5) and sst3 knock-out mice (4.8 Ϯ 0.4-fold increase; n ϭ 5). We also examined the effect of the SST 3 agonist and antagonist in hippocampal lysate (n ϭ 5) and in hippocampal slices (n ϭ 5) (Fig. 10) . In hippocampal lysate, blockade of SST 3 with ACQ090 (1 M) did not significantly affect forskolin-stimulated cAMP levels (91 Ϯ 15% of control; p ϭ 0.6). However, in hippocampal slices, ACQ090 reduced forskolin- stimulated cAMP levels to 48.6 Ϯ 8% of control levels ( p ϭ 0.03). Similarly, SST3 activation with L-796,779 (1 M) did not affect basal cAMP levels in hippocampal lysate (90 Ϯ 11%; n ϭ 0.4), but in hippocampal slices increased basal cAMP levels to 130 Ϯ 7% of control levels ( p ϭ 0.03). These results suggest that intact cilia and/or neuronal structure may be required for SST 3 signaling.
Discussion
As confirmed in this study, the SST 3 receptor is expressed exclusively on primary neuronal cilia in brain (Händel et al., 1999) . Primary cilia are nonmotile microtubule-based structures found on many cells in the body and brain (Fuchs and Schwark, 2004) . The cilia membrane is continuous with the plasma membrane but has a distinct set of membrane proteins. The function of primary cilia outside of sensory cells has been until recently obscure, and there was some consideration that they were vestigial (Pazour and Witman, 2003) . Recent links to mutations in ciliaspecific genes and human diseases, however, have generated a surge of interest in these structures (Eley et al., 2005) . In this study, we take advantage of the specific ciliary location of SST 3 to examine the function of neuronal cilia using sst3 knock-out mice. That no major changes in cilia structure or number occur in sst3 knock-out mice provides an additional advantage, since many previous studies on cilia function have relied on mouse models with obvious disruption of the cilia itself Spassky et al., 2008) . Further, SST 3 expression in rodents appears postnatally, peaking in young adults (Stanić et al., 2009) ; thus, sst3 knock-out mice do not have the major disruptions in brain development that occur with knock out of many cilia-specific genes (Banizs et al., 2005; Town et al., 2008) . Examining the function of this constituent receptor provides a window to understanding cilia signaling in mature neurons.
The role of cilia signaling in learning and memory has not been investigated, although ciliary defects that underlie BBS and Joubert syndrome are associated with mental retardation (Adams et al., 2007) . However, since many developmental brain abnormalities are also apparent (Pan et al., 2005) , a definitive link between cilia dysfunction and cognitive defects has not been established. We tested sst3 knock-out mice in spontaneous exploration tasks to test both spatial memory and object recognition memory. Object displacement studies can be done side by side with object recognition studies, allowing comparison of spatial and recognition memory using similar tasks conducted in the same environment and that recruit the same sensory modalities and motor function (Dere et al., 2007) . Our results using these paradigms show that SST 3 is critical for ORM but not spatial memory. That ORM is intact in sst3 knock-outs with a 5 min retention interval suggests that these mice are able to acquire object information but not maintain the representation over longer retention intervals. Overtraining, in which we used a three-trial presentation strategy, did not rescue the object memory impairment in sst3 knock-out mice.
Injection of the SST 3 antagonist after the acquisition phase produced a deficit in recall of familiar objects. Although blockade of SST 3 receptors before the sample phase could also impair object recognition, this may be due to residual antagonist remaining during the test phase at highest doses. However, further studies are required to more specifically characterize how SST 3 activation contributes to recognition memory.
Knock out of SST 3 did not impair memory for object location. Dissociation between spatial memory and ORM has been previously reported. Of particular note, some disruptions of cAMP signaling pathways impact ORM but not spatial memory. Knock out of ACVIII inhibits (Zhang et al., 2008) while overexpression of ACI enhances ORM in mice (Garelick et al., 2009) , although neither manipulation impacts spatial memory. Broadly increasing AC activity by knocking out the inhibitory G-protein G i␣1 disrupts ORM without affecting spatial memory (Pineda et al., 2004) . These studies suggest that tight regulation of the cAMP signaling system is critical for ORM, while spatial memory appears to be less sensitive to such manipulations. Regulation of cAMP pathways is a common motif in ciliary signaling. The restricted spatial structure of the cilia allows for rapid diffusion of small molecules. Typically, cilia that respond to light or chemicals (i.e., odorants) rely on cyclic nucleotides (cAMP or cGMP) to mediate signaling. In kidney cilia, Ca 2ϩ -mediated changes in cAMP levels are critical to detection of fluid flow and to the pathogenesis of polycystic kidney disease (Smith et al., 2006) . Additionally, olfactory transduction involves increasing cAMP through activation of ACIII, which is localized in cilia of olfactory epithelial cells (Restrepo et al., 1996) and is also expressed in cilia of central neurons, including hippocampus (Bishop et al., 2007) .
Although we found normal electrically evoked CA1 LTP in sst3 knock-outs, forskolin-stimulated LTP, where AC is directly stimulated, is disrupted in both sst3 knock-out mice and with acute SST 3 blockade. Although SST 3 activation is not required for electrically stimulated LTP, it can enhance this form of LTP, similar to other drugs that increase intracellular cAMP (Gelinas and Nguyen, 2005) . The mechanisms through which direct stimulation of AC leads to LTP are unclear, although the activation gene transcription appears critical (Nguyen and Woo, 2003) . That activation of SST 3 is critical for inducing forskolin LTP suggests signaling in cilia, possibly through stimulation of ACIII, may be an important underlying mechanism.
The dramatic reduction of basal cAMP levels in hippocampus of sst3 knock-outs indicates that SST signaling in cilia is necessary for cell-wide maintenance of cAMP levels in neurons. Interestingly, a recent study showed a reduction in forskolin-stimulated AC activity in hypothalamus of ACIII knock-out mice, although basal AC activity was only modestly reduced (Wang et al., 2009 ). On the other hand, in SST 3 knock-out mice, when normalized to the different basal levels, forskolin stimulation of cAMP levels in hippocampal lysate is not impaired. Likewise, the SST 3 agonist and antagonist do not regulate cAMP levels in hippocampal lysate. However, in hippocampal slices, where cilia and neuronal structure are largely intact, blockade of SST 3 reduces forskolin stimulation of cAMP, and activation of SST 3 increases basal cAMP levels. These studies suggest that SST 3 -dependent signaling depends on the integrity of the cilium for amplification to the neuronal soma.
The cilium may act as a coincidence detector. Stimulation of ACIII in the absence of SST would not lead to activation of downstream signaling events. The endogenous activator of ACIII in hippocampus is not known; in olfactory cilia, ACIII is stimulated by G s -like G-proteins (G olf ) that couple to odorant receptors (Wang and Storm, 2003) . In addition to SST 3 , the only G proteincoupled receptor that has been positively identified on neuronal cilia in hippocampus is another peptide receptor, MCHR1, that typically inhibits forskolin-evoked cAMP levels in expression systems (Pissios et al., 2003) . However, activation of the endogenous receptor can increase cAMP levels (Verlaet et al., 2002) , suggesting G s coupling may occur in vivo. Interestingly, melanin concentrating hormone (MCH), the endogenous ligand for MCHR1, has procognitive effects in hippocampus (Monzon et al., 1999) , and, as in SST 3 knock-outs, no spatial learning deficits are apparent in MCHR1 knock-out mice (Lalonde and Qian, 2007) . In hippocampus, MCH is expressed largely in pyramidal neurons of CA1 and CA3 (Saito et al., 2001) . Thus, coordinate highfrequency firing of pyramidal neurons and SST-containing interneurons, such as occurs during exploration (Nitz and McNaughton, 2004) , could cause corelease of both peptides, activating signaling pathways involved in ORM.
A question not addressed in our study is the specific mechanism through which SST 3 modulates cAMP signaling. Since in vitro studies suggest SST 3 is linked to G i /G o G-proteins, which inhibit AC (Yasuda et al., 1992) , it seems paradoxical that SST 3 activation increases cAMP levels and its antagonism robustly inhibits forskolin-evoked increases in cAMP. That SST 3 activation is required for full stimulation of AC by forskolin, a direct activator of AC, suggests the receptor may be acting upstream of ACIII, perhaps blocking an inhibitory constraint such as CaM kinase II, a well established inhibitor of ACIII (Wei et al., 1996) . Alternatively, activation of ACIII could generate a Ca 2ϩ transient that is transmitted to and amplified in the neuronal soma, as in olfactory cilia (Zufall et al., 2000) . This could activate Ca 2ϩ -dependent ACs such as ACI and ACVIII, leading to a secondary wave of cAMP. Indeed, it is unlikely that the robust inhibition of forskolin-stimulated cAMP levels by SST 3 antagonism, or the large decreases in cAMP levels in SST 3 knock-out mice, can be fully accounted for by cAMP signaling within the cilia, which comprise a miniscule portion of neuronal volume. Likewise, the robust deficit in forskolin activation of AC activity in ACIII knock-out mice would also likely involve activation of other AC isoforms in the cell soma through amplification into the soma of cilia-based signaling events (Wang et al., 2009 ). Activation of SST 3 could be essential to signaling between the initial ACIII activation and the downstream activation of Ca 2ϩ -dependent ACs. Our results demonstrate that SST signaling in neuronal cilia is critical for novelty detection. Cilia extruding into the extracellular space are coated with SST 3 , suggesting they are sensitive detectors of increases in SST levels such as would occur during high-frequency neuronal firing (Fanselow et al., 2008) . Decreased SST levels found in hippocampus and cortex in Alzheimer's disease (Burgos-Ramos et al., 2008) could contribute to deficits in recognition memory in these patients. Thus, SST 3 could be a novel target in treatment of dementia and other types of cognitive impairment.
